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The initiation of canopy arthropod studies some 25 yr ago initiated a new era within conservation biology, biodiversity, taxonomy and community ecology. The overwhelming number of undescribed species collected from forest canopies, especially in tropical areas, has demonstrated that forest canopies have been a neglected component of the forest ecosystem. Canopy studies of arthropods provide a wealth of new information for scientists studying species abundance, guild relationship, herbivory, host specificity, and spatial and temporal variation (Lowman and Wittman 1996 , Stork et al. 1997 , Basset 2001 , Su and Woods 2001 , Foggo et al. 2001 , Tanabe et al. 2001 , Progar and Schowalter 2002 .
Hitherto, studies of arthropod species composition in canopies have largely been concentrated in tropical areas (e.g. Erwin 1982 , 1983 , Basset 1991 , Walter Basset (1985 , Borkowski (1986) , Chobotow (1993) , Simandl (1993) , Cmoluchowa and Lechowski (1993) , Bankowska (1994) , Cholewicka-Wisniewska (1994a, b) , Czechowska (1994) , Kolodziejak (1994) , Wasowska (1994) , Sterzynska and Slepowronski (1994) , Ozanne et al. (1997 Ozanne et al. ( , 2000 , Brändle and Rieger (1999) . Of these, only the studies by Southwood et al. (1982) , Simandl (1993) and Ozanne et al. (1997 Ozanne et al. ( , 2000 were carried out using canopy fogging or similar techniques.
The Norwegian Forest Research Institute initiated in 1998 a study on the arboreal arthropod fauna of pine trees as part of the project ''Biodiversity in Norwegian forests'', and this paper presents some of the major findings from that study. We document the arthropod species composition of Scots pine Pinus syl6estris canopies in two areas in Norway, and relate differences in species composition and richness to tree variables such as age, site variables and geography. Three questions were addressed: 1) Are old trees more species-rich than mature trees? 2) Are some species restricted to, or strongly associated with, old or mature trees, and which environmental variables correlate with variation in species assemblages? 3) Are there regional differences in species composition and species diversity?
Methods and materials

Study areas
Two study areas were selected to represent either coastal or boreal sites in Norway (Fig. 1) . The western study area was Geitaknottane in Kvam municipality in Hordaland County (5°53%E, 60°05%N, 180 -200 m a.s.l.), referred to as Kvam. It is a Pinus syl6estris dominated coastal forest with Betula pubescens as the most common deciduous tree. Scattered individuals of Sorbus aucuparia, Corylus a6ellana, Alnus incana and Ilex aquifolium occur in the subcanopy, whereas Juniperus communis prevails in the brush layer. The area has an annual precipitation of 2600 mm, and a mean annual temperature of 7.2°C. For more detailed information about Kvam, see Ihlen et al. (2001) . The eastern area, Sigdal (annual precipitation 800 mm, mean annual temperature 3.5°C), is a P. syl6estris dominated boreal forest located at Heimseteråsen in Sigdal municipality, Buskerud County (9°25%E, 60°03%N, 400-450 m a.s.l.). In Sigdal, however, Pinus syl6estris occurs in varied mixtures with Picea abies, forming a gradient in forest types from pine dominated forest on poorer soils to spruce dominated forest on richer soils. Betula pubescens and Populus tremula are the most common deciduous tree species.
Both study areas are continuous forest with scattered bogs and small lakes. Mature forest covers most of the area in Kvam, whereas young conifer plantations comprise one third of the area in Sigdal. Both areas were selectively cut until ca 1950, resulting in an uneven age structure of trees, with some scattered old pines up to 400 yr in age.
Data collection
From a predefined grid of 100 × 100 m squares, seven easily accessible squares with old trees present, as established from previous investigation of forest history were selected in each study area. In each square one old (250+ yr) and one mature (60 -120 yr) tree were chosen and treated as a pair, except in one square at Sigdal where three pairs of trees were selected. These six trees were ''paired'' post hoc by random selection. The distance between tree pairs was always in the range 15-30 m, and all trees were aged by using increment core samples. The short distance between the old and mature representative ensured similar environmental conditions for the pair. Due to unfavourable weather conditions we only succeeded sampling six trees in Kvam (two old and four mature trees), whereas all 18 trees in Sigdal were sampled.
The arthropods were collected using a 1% solution of a synthetic pyrethroid, ''PySekt ® '' dissolved in non-aromatic white spirit which was applied from the ground using a motorised fogging device. The selected specimens of P. syl6estris were treated before sunrise after a windless and dry night, six trees in Kvam and eighteen trees in Sigdal (Table 2 ). All trees in Kvam were treated from 26 to 29 May 1998. In Sigdal, three pairs were treated from 5 to 16 June 1998 (tree pairs 1 -10, 2 -11, 3 -12, Table 2 ), and the remaining six pairs were fogged in the period from 19 June to 17 July 1999. Each tree was treated once. To collect the falling arthropods, 30 cm diameter collecting funnels were placed concentrically on the ground, each circle of funnels spaced by 0.5 m. Within each circle, the funnels were spaced by 1.0 m in Kvam, and by 0.5 in Sigdal. The number of funnels placed on the ground ranged from 27 to 67 (mean = 52.8 918.7) and from 40 to 265 (mean = 115.99 57.2) for any tree in Kvam or Sigdal, respectively. The funnels remained on the ground for approximately one hour after fogging.
Species determination
Forty-one taxonomic experts world-wide, including the authors, were involved in determining the specimens to species (see Acknowledgements). Over 90% of all arthropods collected were identified to species and detailed faunistical results will be presented elsewhere (Thunes et al. unpubl.) . Nonetheless, the following taxa could not be identified due to lack of taxonomic expertise or limited time budget: Diptera-Chironomidae and some smaller Diptera families, Hymenoptera other than Formicidae and Symphyta, and Acari other than Oribatida. The material will be deposited in the Norwegian Forest Research Institute's collection at A , s, except for voucher and type specimens retained by the individual taxonomists and their respective collections.
Statistical treatment
To compare richness measures 9SD for old and young trees and among study sites, 500 randomisations of the data were run using the computer program EstimateS ver. 5.0.1 (Colwell 1999 ) to produce Coleman rarefaction curves. We used individual samples (i.e. number of specimens of a given species in a tree) as input when analysing species richness patterns.
The analysis of differences between old and mature trees was restricted to the Sigdal material, as only two pairs of old and mature trees were sampled in Kvam. However, as no difference in species richness was found for material sampled from old and mature trees in Sigdal, a regional comparison of species richness was carried out using data from all six trees in Kvam (two old and four mature trees) and 18 trees (nine old and nine mature trees) in Sigdal.
We assumed that larger trees would harbor more individuals and consequently more species. In order to ''correct'' for size or volume in the richness analyses, we present all results (i.e. species accumulation curves) as species numbers plotted against number of individuals, rather than species numbers on sampling unit (i.e. funnel or tree: Gotelli and Colwell 2001) . This was done by averaging the number of individuals over all trees and accumulating the average along the x-axes. Coleman rarefaction curves fit to these data were considered to be significantly different from each other if there was no overlap in the corresponding standard deviations.
Detrended Correspondence Analysis (DCA) and Detrended Canonical Correspondence Analysis (DCCA) were implemented with Canoco ver. 4 (ter Braak and Smilauer 1998) to separate the data into groups of species that were associated with the tree age categories old/mature in an ordination diagram as well as to relate a set of environmental factors to the species data. Detrended CCA was chosen because the gradient length was larger than six standard deviations and an arch was vaguely visible in the ordination of the species. Only species or groups of species that constituted \ 0.5% of the total each year were used in the analyses (Table 1) . Species abundances were log +1 transformed and rare species were downweighted. To test for significance of the first ordination axis and the overall DCCA ordination diagram, 999 replications of the Monte Carlo permutation test available with Canoco were performed. Data from 1998 for the Ceratopogonidae from Kvam were not available, and this taxon was thus not included in these analyses.
Environmental data
The following environmental data were recorded for each fogged tree and its associated sampling square: 1) Age: counted growth rings using increment core samples from the tree at breast height. Range: 55 -326 yr. Mean: 168.6 9 102.9 yr. 2) Height: canopy height measured from digital photographs of each tree. Range: 2.2-16.0 m. Mean: 9.5 93.6 m. 3) Cover: density of needles in the tree crown. 0 -dense, 1 -normal, 2 -sparse. Mean: 0.78 90.54; mode = 1. 4) Volume: canopy volume calculated from digital photographs of each tree based on the overall structure of the canopy as a cone, cylinder, sphere, or combinations of these. Range: 20.9 -386.9 m 3 . Mean: 130.2 9114.7 m 3 . 5) Width: maximum canopy width measured from digital photographs of each tree. Range: 2.88 -6.86 m. Mean: 4.549 1.10 m. 6) Epiphyte: proportion of epiphytic vegetation on the tree. 0 -absent, 1 -sparse, 2 -normal, 3 -dense. Mean: 1.50 9 0.86; mode = 2. 7) Topopos: topographic position. 1 -flat, 2 -upper part of a south-facing slope. Mean: 1.56 9 0.51; mode =2. 8) Productivity: identified using the productivity criteria in Heje and Nygaard (2000) . Range: 8 -11. Mean: 9.009 1.46. 9) Vegetation: vegetation types, reflecting Table 1 . List of species used in multivariate analyses. Each species constitutes \0.5% of the total species abundance. Guild definition: Fu -fungivores, Co -cone feeders, To -tourists, Su -suckers, Gr -grazers. 
Results
Species richness in old and mature trees
The number of species collected was significantly higher in old trees than in young trees at Sigdal (8 out of 9 cases, Fig. 2 , paired sample t-test: t = −4.00, p B 0.005). Furthermore, there was a positive relationship between number of species collected from old and mature trees in the same sampling square (Fig. 2) , suggesting an environmental gradient with impact on species numbers of both old and mature trees at a particular site (linear regression: R 2 =0.62, F = 11.37, pB0.02). A higher accumulated number of species was found in old trees than in the same number of mature trees (Fig. 3) . However, old trees had larger canopy volumes and consequently a higher number of arthropod specimens were sampled from these trees (Table 2 and 3) . When we compared accumulated species numbers in old and mature trees in relation to number of individuals, and thereby removed the bias of canopy volume, there were no differences between old and mature trees (Fig. 4a) . The same trend was obtained when only single-and doubletons (locally rare species represented by one or two individuals) were selected and treated in a similar way (Fig. 4b) . However, when only species new to Norway were examined (n =87), the old trees were found to be significantly richer than the mature trees (Fig. 4c) , as old trees on average had 25% more species of this group than mature trees.
Twenty-one species were represented with more than 100 specimens in Sigdal. When examining specimen numbers alone (i.e. not ''correcting'' for canopy vol- (tree 7, Table 2 ). Likewise, 98.1% of all H. socialis were sampled from only one tree (tree 12). Xenylla maritima was also aggregated (61.3% sampled from tree 2). In contrast, both the psocopterans were rather evenly distributed among the old trees, no single tree accounted for \ 35% of the total proportion of specimens collected.
Species composition in relation to tree age and site variables
Overall, 29 732 specimens were identified to 510 species. In 1998, 189 species were found in Kvam and 195 in Sigdal. In 1999, we collected 330 species in Sigdal. In all, 102 species were new to Norway. Of these, nine species were new to science, 3 species new to Europe, and 5 species new to Scandinavia (pers. comm. from taxonomic experts in Acknowledgements, as well as Aakra 2000 and Hagan et al. 2000) . In Sigdal, 87 species were new to the Norwegian fauna, and 75 of these were Diptera (Table 3) . A higher number of new records were found in the old trees compared with the mature ones, and also more specimens of these species were collected from old trees (Table 3) . ume), \80% of the specimens of four species were in old trees: Euthyneura myrtillii Macquart (Diptera -82.8%), Reuterella hel6imaculata (Enderlein) (Psocoptera -83.8%), juvenile Valenzuela despaxi (Badonnel) (Psocoptera -94.3%) and Xenylla maritima Tullberg (Collembola -88.2%). In contrast, all Hypogastrura socialis (Uzel) (Collembola) specimens were collected from mature trees in Sigdal. Euthyneura myrtillii was probably swarming in one of the old trees as 73.1% of the individuals were sampled from that tree may indicate which species are most closely associated with pine canopies. The list of the ten most abundant species (Table 4) is dominated by less motile species (Oribatida and Collembola) as well as herbivores and plant suckers (Thysanoptera and Heteroptera). The hybotid (Diptera) species Euthyneura myrtilli Macquart and the ceratopogonid species Forcipomyia nigrans Remm, were the only highly vagile species present. When we included only the most abundant species in a DCA analysis, the first two ordination axes, explaining 25 and 24% of the variation, respectively, did not show a visible age gradient (Fig. 5 and 6) . Indeed, none of the environmental factors recorded from trees per se turned out to be important for explaining the faunal differences observed. The important and statistically significant environmental variables, as indicated from forward selection in a CCA analysis previous to the DCCA (Table 5) , were productivity (explaining 21% of the variation, Monte Carlo permutation test: F =8.08, p= 0.001) and topographic position (explaining additionally 7% of the variation, F = 3.20, p = 0.001). The eigenvalues of the first two ordination axes were 0.25 (F = 3.65, p B0.02) and 0.08 (n.s.), respectively. Overall ordination significance was p B 0.03 (F =1.78). This indicates that the first ordination axis is predominantly a productivity gradient. Species associated with trees on the more productive soils were all collembolans; Deuterosminthurus fla6us (Gisin), Hypogastrura socialis and Xenylla maritima. Species associated with trees on poorer soils were the dipterans Spilogona contractifrons (Zetterstedt) and Ctenosciara hyalipennis (Meigen), the hemipterans Loricula pselaphiformis (juv.) Curtis and Aguriahana germari (juv.) (Zetterstedt), the collembolan Dicyrtomina minuta (Fabricius), and the oribatids Camisia segnis (C. L. Koch), Cymberemaeus cymba (Nicolet) and Phauloppia lucorum (C. L. Koch). Although poor in explanatory power, the second axis is most likely to represent a climate gradient, as the two local topographic positions recorded here (south-facing slope and flat boggy areas) are related to sun exposure and air humidity. Thus, D. minuta and S. contractifrons can be inferred to be associated with trees in areas Many canopy dwelling species must be assumed to be occasional visitors that use tree crowns as resting or swarming sites. However, the most abundant species 5 ) as they were found in greatest numbers in mature trees while their juveniles were mainly found in old trees (Table 1) .
Regional and temporal differences
In Kvam, 189 species (3067 specimens) were collected, while similar numbers for Sigdal were 195 species (8643 specimens) in 1998 and 330 species (18 022 specimens) in 1999. Ninety-three species were found in both areas (years combined). In Kvam, 95 species were present that was not found in Sigdal and 321 species were exclusively found in Sigdal (years combined). The shift in species composition in Sigdal between the two years was large: 71 species were only sampled in 1998, 193 only in 1999. The Coleman rarefaction curves showed no differences between Sigdal and Kvam (Fig. 7) . Although the numbers may be somewhat influenced by the disparity in sampling effort in Sigdal and Kvam, the results indicate that there was no obvious difference in species richness between the two areas. The composition of species differed regionally within the same year (Fig. 8) . The first axis explains 47% of the variation, and it is highly likely to represent a gradient related to geography.
Discussion
Many new distribution records resulted from our study. Several previous studies have shown that a specialised conifer canopy fauna exists (e.g. Southwood et al. 1982 , Basset 1985 , Winchester 1997a , b, Ammer and Schubert 1999 , Brändle and Rieger 1999 and it is likely that a high proportion of our new records indeed are associated with pine canopies. However, one overall objective of the canopy project was to make as complete a species list as possible of the ECOGRAPHY 26:4 (2003) Fig. 6 . DCCA analysis of abundant species (representing \0.5% of total specimen numbers) from Sigdal. Trees in pairs are enclosed. The group of six trees are samples from 1998, the others were sampled in 1999.
snapshot-fauna that one gathers when sampling with insecticides (Thunes et al. unpubl.) . Hence, many taxa that are often neglected when performing quantitative analyses were included here.
Even though few species were found in high numbers, soil dwelling species of Oribatida are known to reside in trees in great numbers (Behan-Pelletier and Winchester 1998 ) and the oribatid Phauloppia lucorum was by far the most abundant species in the pine canopies. All oribatids are considered predominantly wind dispersers (Behan-Pelletier and Winchester 1998) and many oribatids are also known to be residents to the canopies or associated with epiphytes (e.g. Aoki 1973 , Walter et al. 1994 , Prinzing 1997 , Behan-Pelletier and Winchester 1998 , Walter and Behan-Pelletier 1999 . Some sparsely represented species are certainly arboreal, e.g. carabid species of the genus Dromius, the 1985), particularly those species which were abundantly present, such as species of Ceratopogonidae, Empidoidea and Sciaridae. Other studies in temperate forests (e.g. Hågvar and Hågvar 1975 , Tenow and Larsson 1987 , Gunnarsson 1990 , Laine et al. 1990 , Bankowska 1994 , Czechowska 1994 , Kolodziejak 1994 , Pettersson 1996 have shown a relatively higher proportion of arboreal specific species. These studies used methods for qualitative sampling from a small part of the canopy, e.g. branchlet shaking or clipping, arboreal traps or epiphyte sampling (e.g. Hågvar and Hågvar 1975 , Tenow and Larsson 1987 , Majer and Recher 1988 , Bankowska 1994 , Majer et al. 1996 , Prinzing 1997 . Such methods will also collect a number of species that will normally be excluded or underrepresented in fogging samples, simply because the fog knocks out the animals but leaves them suspended in their habitat, as demonstrated by Southwood et al. (1982) and Majer and Recher (1988) . Relatively speaking, the main disadvantage with the canopy fogthysanopteran genera Aeolothrips and Thrips, Lepidoptera larvae and the symphytan wasp Xyela julii. Many of these species are predators or feed on flowers or cone seeds. In addition, many of the faunistically new records are arboreal in their adult stage (Basset Fig. 8 . DCA ordination diagram of abundant species (representing 0.5% of total specimen numbers) sampled from twelve trees in 1998 from Kvam (solid) and Sigdal (open). Old trees are noted with a bigger circle than mature trees.
ging procedure is that a high proportion of non-residents or visitors will be sampled.
Analyses of species richness in old and mature trees showed that old trees were richer than the younger trees due to having broader and more voluminous canopies. As old trees with broad canopies take up more space than younger trees with narrow canopies, a densely stocked forest stand of mature trees may constitute similar or even a larger amount of canopy habitat than a stand of old trees. Therefore, as far as mere species richness is concerned, our results do not indicate a higher diversity of arthropods in old pine stands than in mature pine stands. This was not the case, however, when we considered the new records for Norway, which also included the undescribed species (Fig. 4c) . For these species, supposed to be relatively rare on a national scale (not necessarily rare in our material), old trees seem to be of particular importance, and it is not certain that a high number of mature trees can ''replace'' old trees as habitats for these species. By examining the habitat alone (old/mature trees) without ''correcting'' for volume, only two species could be assigned old tree associates ( \100 specimens totally and \80% of the specimens in old trees) while no species was found only in mature trees which did not aggregate on one particular tree.
A few studies have presented results indicating that old trees and old-growth forests are more species rich than younger trees (e.g. Southwood et al. 1982 , Wright and Giliomee 1992 , Hooper 1996 , Martikainen et al. 2000 , Sippola et al. 2002 . Several studies have presented a unimodal picture at forest stand level, i.e. that middle-aged tree stands are richer in canopy associated species than both the oldest and the youngest stands (e.g. Tenow and Larsson 1987 , Simandl 1993 , Cholewicka-Wisniewska 1994b , Schowalter 1995 . Finally, Sterzynska and Slepowronski (1994) for arboreal spiders in P. syl6estris and Bankowska (1994) on pine associated hover flies (Syrphidae) showed that young Polish tree stands (10 -20 yr old) had a richer fauna than middle age stands (60 yr old) and mature stands (100 yr old). In contrast to these results, mature pine stands (80 -100 yr old) were suggested as refuges for Raphidioptera in a study carried out in Poland (Czechowska 1994) .
Comparison of our results with these latter studies is not directly justified as we operated old and mature trees in pairs within a relatively short distance and those termed old trees in most of the other studies are ca 100 yr of age. The oldest trees in our study areas have escaped centuries of selective cutting. These trees are normally not tall trees, but most have relatively large canopy volume. The tallest, most vital trees are most commonly of intermediate age (mature) growing on favourable local sites at the stand level. Thus, one source for biodiversity could be such trees, which are represented by tall, vigorous, nutrient-rich trees available particularly for migrants and occasional visitors (Vaisanen 1992, Brändle and Brandl 2001) . However, as pointed out by Southwood et al. (1982) , older trees provide a different set of microhabitats than younger trees because of their accumulated associated microorganisms.
The trees that turned out to be important for new faunistic records and undescribed species, were the old trees -not the tallest trees. Indeed, there was no correlation with tree height and species richness. Vanninen et al. (1996) showed that total tree biomass (from fine root to foliage biomass) increased with age for P. syl6estris in Finland. This increase in biomass will certainly represent a higher number of habitats available for associated species, thus higher biodiversity levels of associated species should be expected. Moreover, higher age allows a higher variety of niches, e.g. microflora, lichens, mosses, to develop. With respect to arthropod biomass, however, Hooper (1996) showed a highly variable pattern with age related to dead and live limbs, height along the bole and growth rate for Pinus palustris.
The faunistic differences seen in the old trees might also reflect differences in tree chemistry between old and young (mature) trees (Sellin 1996) . It is known that some herbivorous vertebrates select old trees for feeding and that the carbon, nitrogen and resin content are important factors (e.g. Bryant et al. 1983 , Lindén 1984 . For example, Stadler et al. (2001) found that in spruce heavily inhabited by herbivores, the nitrogen contents were lowered compared to trees with fewer herbivores. Furthermore, Wright and Giliomee (1992) showed that gut pH levels of important herbivores of Protea magnifica and P. laurifolia were adapted to the tannin levels in their hosts. Moreover, Basset (1985) compared the distribution of arthropods between healthy and less vital Pinus mugo trees in Switzerland. He found a considerable shift in species and guild composition from healthy trees to trees with reduced vitality. In the less vital trees, tourists, predators and sapsuckers dominated, while tourists, predators and defoliators dominated the healthy ones. A similar pattern was observed in this study, given that productivity can be related to vitality (cf. 1st, axis in Fig. 5 ). Suckers, grazers and tourists were associated with trees on poor soils, while fungivores dominated trees growing on the more productive soils. No predators or defoliators were included in the multivariate studies due to few specimens.
The DCA and DCCA analyses (Fig. 5, 6 and 8) represent single-species occurrence in individual trees exposed to different environmental regimes. The DCA ordination (Fig. 5 ) seems to reflect a gradient related to feeding behaviour of the insects. Species from different feeding guilds were separated nicely in the ordination, and by inspecting the raw data underlying the analysed species (Table 1) , a higher number of Psocoptera and Oribatida were consistently present in old trees (see also , which reflects their habits as alga or lichen feeders. Diverging patterns in arthropod assemblages related to guild structure were also noted by . Predominantly flowerand seed-feeding juvenile Thysanoptera were most abundant in mature trees (Table 1) , while the adults of the same species were most abundant in the old trees.
Forest productivity and topographic position turned out to be the only significant environmental variables in the direct CCA analysis preceding the DCCA ordination (Fig. 6) . This gradient can also be seen in Fig. 2 , where species numbers in the three tree-pairs sampled in the same sampling square were plotted similarly. These results relate to tree growth, tree vitality as well as food quality, exposure to wind and excessive sun, which influence arthropod species composition (e.g. Ohmart and Voigt 1981 , Basset 1985 , Reynolds and Crossley 1997 , Richardson et al. 1999 .
The Coleman rarefaction species accumulation curve (Fig. 7) , suggests no difference in species richness between the canopies treated in the coastal pine forest of Kvam and those in the boreal pine dominated forest of Sigdal. This result contrasts with the established picture of boreal forests being richer in arthropods than coastal conifer forests (e.g. Vik 1991, Brändle and Rieger 1999) . The relatively few trees sampled in Kvam may have influenced the result, but there was no big difference in average specimen numbers per sampling unit (i.e. funnel) between the two areas (12.77 specimens funnel − 1 in Sigdal vs 9.68 specimens funnel − 1 in Kvam). However, it is noteworthy that the species composition differed and that the most abundant species in Kvam belonged to Oribatida. Many orabatids feed on algae, lichens or fungi -sources that are favoured under humid climatic regimes as in Kvam (Stary pers. comm.).
